Panicum mosaic virus (PMV) and its satellite virus (SPMV) together infect several small grain crops, biofuel, and forage and turf grasses. Here, we establish the emerging monocot model Brachypodium (Brachypodium distachyon) as an alternate host to study PMV-and SPMV-host interactions and viral synergism. Infection of Brachypodium with PMV+SPMV induced chlorosis and necrosis of leaves, reduced seed set, caused stunting, and lowered biomass, more than PMV alone. Toward gaining a molecular understanding of PMV-and SPMV-affected host processes, we used a custom-designed microarray and analyzed global changes in gene expression of PMV-and PMV+SPMV-infected plants. PMV infection by itself modulated expression of putative genes functioning in carbon metabolism, photosynthesis, metabolite transport, protein modification, cell wall remodeling, and cell death. Many of these genes were additively altered in a coinfection with PMV+SPMV and correlated to the exacerbated symptoms of PMV+SPMV coinfected plants. PMV+SPMV coinfection also uniquely altered expression of certain genes, including transcription and splicing factors. Among the host defenses commonly affected in PMV and PMV+SPMV coinfections, expression of an antiviral RNA silencing component, SILENCING DEFECTIVE3, was suppressed. Several salicylic acid signaling components, such as pathogenesis-related genes and WRKY transcription factors, were up-regulated. By contrast, several genes in jasmonic acid and ethylene responses were down-regulated. Strikingly, numerous protein kinases, including several classes of receptor-like kinases, were misexpressed. Taken together, our results identified distinctly altered immune responses in monocot antiviral defenses and provide insights into monocot viral synergism.
In the past decades, substantial progress has been made in dissecting interactions between plant and virus proteins and defining the role of virus-encoded proteins in plant cells. Model plant species, such as Arabidopsis (Arabidopsis thaliana) and Nicotiana benthamiana, have been crucial in determining the mechanics of antiviral defenses. Genome-wide expression studies in these model plants identified networks of genes affected commonly by several plant viruses, whereby diverse DNA and RNA viruses alter genes in primary and secondary metabolism, detoxification, cell wall remodeling, and defense responses (Whitham et al., 2003 (Whitham et al., , 2006 Ascencio-Ibáñez et al., 2008; García-Marcos et al., 2009; Elena et al., 2011; Hanssen et al., 2011; Postnikova and Nemchinov, 2012) . At the cellular level, specific recognition of viral nucleic acids or viral proteins by host resistance gene products inhibits viral replication or accumulation (Kohm et al., 1993; Bendahmane et al., 1999; Ishibashi et al., 2007 ). Additionally, tissue-level hypersensitive response and systemic acquired resistance, often mediated by defense hormones such as salicylic acid (SA), both delimit movement of the virus from the primary infected cells and induce a broadspectrum resistance to systemic infection (Huang et al., 2005; Alamillo et al., 2006; Kachroo et al., 2006; Heil and Ton, 2008; Baebler et al., 2011) . Recently, RNA silencing has emerged as a broadly conserved defense response against viruses (Dunoyer and Voinnet, 2005; Scholthof, 2009, 2011) . Multiple RNA silencing components, such as Dicer, double-stranded RNA-binding (DRB) protein, HUA ENHANCER1, Argonaute (AGO), and RNA-dependent RNA polymerase (RDR), play critical roles in programming virus-specific RNAinduced silencing complexes that subsequently target viral RNA for degradation (Alvarado and Scholthof, 2009) . As a coevolutionary strategy, generally referred to as the Red Queen Hypothesis (Van Valen, 1973) , to antagonize host antiviral defenses, many viruses encode suppressor proteins that function to interfere and suppress RNA silencing (Dunoyer and Voinnet, 2005; Alvarado and Scholthof, 2011) . These and other host: virus outcomes have been recently summarized by Pallas and García (2011) .
Interestingly, viral suppressors were discovered by studying a mixed virus infection that induced a synergism on tobacco (Nicotiana tabacum) plants. This coinfection of Potato virus X (PVX; genus Potexvirus) and Potato virus Y (PVY; genus Potyvirus) on potato (Solanum tuberosum) and tobacco plants resulted in significantly increased levels of PVX compared with single virus infections and greatly enhanced symptoms Damirdagh and Ross, 1967; Goodman and Ross, 1974; Vance, 1991) . PVY encodes a potent silencing suppressor protein, HC-Pro, which enhances accumulation of PVX in tobacco (Pruss et al., 1997 (Pruss et al., , 2004 González-Jara et al., 2004) but not in N. benthamiana, suggesting that viral synergistic interactions can be host specific (García-Marcos et al., 2009) .
Much of our knowledge of virus:host interactions has been determined under laboratory conditions with dicotyledonous host plants, especially N. benthamiana and Arabidopsis. Studies of viruses with host ranges limited to monocots (plants in the Poaceae, including forage and turf grasses and small grains) have lagged due to the lack of a tractable model species. Similarly, few studies of heterogeneous virus infections have been reported on monocot or dicot host plants, resulting in a gap in our molecular understanding of how plants respond to mixed (or synergistic) virus infections. For example, little is known about how viral synergism alters host defenses and whether antiviral defenses are conserved among dicot and monocot plants. Here, we focused on addressing the biological response of Brachypodium (Brachypodium distachyon), an emerging model grass species, to the mixed infection of Panicum mosaic virus (PMV) and its satellite virus, SPMV.
PMV, the type member of the genus Panicovirus in the family Tombusviridae, is a single-stranded, positive-sense RNA with a host range limited to the Poaceae family of grasses (Turina et al., 1998 (Turina et al., , 2000 Scholthof, 1999) . PMV was first described in natural infections of switchgrass (Panicum virgatum; Sill and Pickett, 1957) and subsequently as the causal agent of St. Augustine decline disease on St. Augustinegrass (Stenotaphrum secundatum), a popular turf grass in the southern United States (Cabrera and Scholthof, 1999) . Experimental hosts of PMV include foxtail millet (Setaria italica), pearl millet (Pennisetum glaucum), and proso millet (Panicum miliaceum; Buzen et al., 1984) . From its 4,326-nucleotide genomic RNA, PMV expresses two replicase-associated proteins (P48 and P112), using translation read-through of the 48-kD open reading frame to express the 112-kD protein (Batten et al., 2006b; Supplemental Fig. S1 ). Four genes are encoded on the subgenomic RNA that facilitate virus movement (P8, P6.6, and P15) and encapsidate the genomic RNA (26-kD capsid protein [CP] ) to form 30-nm (T = 3) virions (Turina et al., 2000; Batten et al., 2006b) .
PMV also supports the replication and systemic spread of SPMV, an 824-nucleotide, positive-sense, singlestranded RNA (Niblett and Paulsen, 1975; Masuta et al., 1987; Turina et al., 1998; Scholthof, 1999; Supplemental Fig. S1 ). SPMV genomic RNA encodes a 17-kD CP (SPMV CP) to form 16-nm (T = 1) icosahedral particles Desvoyes and Scholthof, 2000) . Previously, we showed that in addition to encapsidation, SPMV CP localizes to the host plasma membrane, forming puncta near the plasmodesmata (Qi et al., 2008) , reflecting its movement-protein like functions. SPMV CP also traffics to the nucleus and nucleolus (Qi et al., 2008) forming Cajal body-like structures similar to other nucleolarlocalized viral proteins . Additionally, SPMV CP induces a nonhost hypersensitive response in N. benthamiana when expressed from viral gene vectors (Qiu and Scholthof, 2004) , prevents the accumulation of defective interfering SPMV RNA in PMV mixed infections of millets (Qiu and Scholthof, 2001) , and stabilizes foreign gene inserts in cis and in trans when expressed from virus gene vectors (Everett et al., 2010) . For all its features as a pathogenicity factor, evidence is lacking to suggest SPMV CP is a suppressor of gene silencing (Qiu and Scholthof, 2004) .
Satellite viruses are molecular parasites that depend on their helper viruses for replication and movement in host plants Hu et al., 2009 ). Our previous genetic and molecular characterization of PMV and SPMV in millets revealed multiple determinants of the synergism Turina et al., 2000; Scholthof, 2001, 2004; Omarov et al., 2005; Batten et al., 2006a Batten et al., , 2006b Everett et al., 2010) . In the case of PMV+SPMV mixed infections, SPMV has the unusual feature of enhancing PMV accumulation in host plants, with a simultaneous increase in accumulation of PMV movement protein (P8) and exacerbation of symptoms on systemically infected (noninoculated) leaves compared with infections of PMV alone (Scholthof, 1999; Supplemental Fig. S1 ). These effects reflect the historical definition of viral synergism: The mixed infection causes more severe symptoms than a single infection and tends to facilitate an increase in the titer of one of the virus pairs during the acute stage of the disease Latham and Wilson, 2008; Syller, 2012) . However, the PMV+SPMV synergism stands unique because it involves a satellite virus. Despite our past progress, the lack of a genetic model plant species made it challenging to study the mechanism(s) underlying this synergism and effects on host plant processes.
Recently, Brachypodium was developed as a genomic model for studies of grass biology and host-pathogen interactions (Brkljacic et al., 2011) . The Brachypodium genome is syntenic to rice (Oryza sativa) and sorghum (Sorghum bicolor) genomes and is related to several forage, small grains, and bioenergy crop plants, including wheat (Triticum aestivum), barley (Hordeum vulgare), and millets, all of which are in the grass subfamily Pooideae (Powell, 1994; International Brachypodium Initiative, 2010) . These temperate and cool season grasses belonging to the Poaceae are the primary source of calories throughout the world (Draper et al., 2001; Huo et al., 2006; Vogel et al., 2006; Vogel and Hill, 2008; Bevan et al., 2010; Garvin et al., 2010; International Brachypodium Initiative, 2010; Brkljacic et al., 2011; Cao et al., 2011) . In this study, we established Brachypodium as a systemic host for PMV and SPMV infections and show that the disease etiology mimics biological features previously described in millet plants. Furthermore, using microarray techniques, we identified host pathways affected by PMV and PMV+SPMV infections. From this, we sketched a model that shows the contributions of SPMV as a molecular effector of the helper virus, PMV, and provide a more utilitarian definition of viral synergism that is based not only on the visual symptoms but also on the altered host molecular processes that occur in viral synergism.
RESULTS

PMV and SPMV Infection of Brachypodium Results in a Viral Synergism
To study the synergism associated with PMV and SPMV infections, 1-week-old Brachypodium plants with two to three leaves were inoculated with full-length infectious transcripts of PMV alone or PMV+SPMV (Batten et al., 2006b ). The PMV infection induced chlorosis and necrosis of leaves with moderate stunting (Fig. 1, A and B), in comparison to mock inoculated plants. By contrast, PMV+SPMV coinfection exacerbated the symptoms with excessive stunting, severe chlorosis and necrosis, and reduced or lack of seed set ( Fig. 1, A and B) . Moreover, in the PMV+SPMV-infected plants, PMV CP was consistently detected several days earlier than in plants inoculated with PMV alone (Fig. 1, D and E) . Each of these features exemplifies those we previously described in PMV+SPMV-infected millet plants (Scholthof, 1999) .
To analyze the temporal progression of the disease in detail, and gain consistency in comparisons among independent infections performed at different times, we classified PMV and SPMV infections into three different stages based on the degree of visible symptoms and the abundance of the viral proteins in the infected plants. Infected plants at stage I (typically #7 d postinfection [dpi]) showed no visible chlorosis symptoms on the inoculated leaves and had no detectable levels of viral CPs compared with mock-inoculated controls (Fig. 1,  C-E) . Infected plants at stage II (typically 10-14 dpi) displayed a few chlorotic and necrotic lesions on both the inoculated and newly emerging noninoculated leaves and possessed detectable levels of viral CPs. Finally, stage III infected plants (typically $21 dpi) were severely chlorotic and necrotic, were stunted, and had higher accumulation of viral CPs (Fig. 1, C-E Chlorotic symptoms on upper noninoculated leaves of PMV+SPMV-infected plants typically appear by 10 dpi (Stage II) and become prominent by 21 dpi (stage III; Fig. 2, A and B) . We determined that the chlorotic leaves had reduced levels of chlorophyll a and chlorophyll b in the PMV+SPMV-infected shoots (Fig. 2C ) compared with the mock-inoculated plants. Plants infected with PMV+SPMV at maturity (stage III) also had significantly reduced biomass, based on fresh and Figure 1 . SPMV exacerbates disease symptoms and enhances PMV accumulation in Brachypodium. A and B, Typical disease symptoms and gross effects of PMV alone and PMV+SPMV coinfection at 42 dpi. PMV alone infection causes mild chlorosis, necrosis, and stunting of roots and shoots, while PMV+SPMV coinfection causes severe stunting, chlorosis, and reduced seed set. The inset image in A shows the severe chlorosis associated with coinfection with SPMV. The progression of PMV and PMV+SPMV infection can be classified into the following: stage I with no visible chlorosis on leaves, stage II with mild chlorosis on leaves, and stage III with prominent chlorosis and necrosis on leaves, stunting, and reduced seed set (C). Immunoblot analysis of CP accumulation at infection stages I, II, and III with PMV alone (D) or PMV+SPMV infection (E). The earlier detection of PMV CP in the mixed infections (E) is associated with SPMV enhancement of either PMV replication or movement, which is a component of the working definition of the SPMV-associated synergism (Scholthof, 1999) . The asterisks represent lower molecular weight CPs, possibly produced from leaky scanning (Omarov et al., 2005) or posttranslational modifications. The Ponceau S-stained nitrocellulose membranes serve to indicate approximately equal protein loading among the sample lanes. dry weights (Fig. 2D) . Additionally, PMV+SPMV-infected plants at stage III were severely stunted ( Fig. 2B ) with shorter internodes and smaller leaves (Fig. 2 , E and F), although tiller number was not affected (Fig. 2G ), when compared with mock-inoculated plants. Seed set was also greatly or completely abolished in PMV+SPMV-infected Brachypodium at stage III (Fig. 1, A and C ), which we also described previously for PMV+SPMV infections in millet plants (Scholthof, 1999) . Finally, immunoblot analysis of the PMV+SPMV-infected plants at stage II, detected both PMV CP and SPMV CP in upper noninoculated leaves and root tissues, demonstrating systemic movement of both viruses (Fig. 2H) . Taken together, these results show Brachypodium is a good model host plant for studying PMV and its SPMV-associated synergistic interactions.
Transcriptome Analysis of PMV-and SPMV-Infected Brachypodium
To identify host molecular pathways altered by PMV and SPMV leading to the disease symptoms, we performed genome-wide gene expression analysis using DNA oligonucleotide microarrays. Because our intent was to identify the altered host molecular processes that preceded the overall disease symptoms of the infected plants, we chose to analyze infected plants before prominent visual chlorosis, necrosis, and stunting symptoms appeared. Inoculated and noninoculated leaves and stems of plants infected with PMV alone or coinfected with PMV+SPMV, with mild chlorosis symptoms (stage II), along with mock-inoculated plants, were harvested for RNA isolation and microarray analysis. A custom-designed Affymetrix tiling array, representing approximately 27,000 genes, by multiple probes, was used to assay three independent biological replicates from each of the inoculation treatments. Normalized microarray expression data were further corrected for false discovery rate (FDR) using the Benjamini and Hochberg method (q-value , 0.05; Benjamini and Hochberg, 1995) . In PMV-infected plants, approximately 464 and 326 genes were up-and down-regulated by 2-fold or greater, respectively, in comparison with mockinoculated plants (Fig. 3A) . In PMV+SPMV coinfection, 621 and 433 genes were up-and down-regulated by 2-fold or greater, respectively (Fig. 3A) . To validate the microarray results, we selected 20 candidate genes, including multiple protein kinases, transcription factors, and metabolic enzymes (Supplemental Table S1 ) and performed quantitative reverse transcription (qRT)-PCR analysis using the same RNA used for the microarray analysis. The criteria for choosing the 20 genes for qRT-PCR analysis was to represent genes in diverse functional categories and with varying levels of misexpression in the PMV and PMV+SPMV infections (2-to 50-fold). The results of the qRT-PCR analysis strongly correlated to the microarray data (Pearson correlation coefficient, r . 0.9, and coefficient of determination, R 2 . 0.8; Supplemental Table S1 ).
Next, we performed functional annotation of genes that were commonly induced or repressed in PMV and PMV+SPMV infections using gene ontology (GO) terms for biological processes (GO-P), molecular function (GO-F), and cellular component (GO-C) using the AgriGO analysis tool (Du et al., 2010) . To maximize functional annotations for more genes, additional protein families (Pfam; Punta et al., 2012) and protein analysis through evolutionary relationship (PANTHER; Thomas et al., 2003) functional annotations were assigned using the Phytozome resource (Goodstein et al., 2012 ; http:// www.phytozome.net/). Furthermore, gene set enrichment was performed using the AgriGO singular enrichment analysis (SEA), with appropriate statistical corrections (FDR , 0.05). SEA identifies significant GO terms that are overrepresented in a query gene list relative to a precalculated frequency in the reference (or background) genome of a species and allows a general inference of the overrepresented biological processes or GO terms. The SEA revealed that both PMV alone and PMV+SPMV infections altered expression of multiple genes in biological processes, such as primary metabolism, metabolite transport, defense, and cell wall remodeling (summarized in Fig. 3B and expanded details in Supplemental Table S2 ), suggesting that PMV alone and SPMV-synergistic interactions altered the metabolic fate of the infected cells. Furthermore, among the induced genes, several detoxification and stress-responsive transcripts corresponding to glutathione S-transferases, cytochrome P450, chaperone and heat shock proteins, ribosomal proteins, and proteasome components were overrepresented ( Fig. 4A ; Supplemental Table S2 ). Interestingly, multiple nuclear-encoded, photosynthesisrelated chlorophyll a/b binding and photosystem proteins were predominant among the down-regulated genes ( Fig. 4B ; Supplemental Table S2 ). The latter result lends genetic support for our observations of the leaf chlorosis (Figs. 1A and 2A) and decreased chlorophyll levels ( Fig. 2C ) in the PMV+SPMV-infected shoots.
Host Defense Responses to PMV and SPMV
Because high-quality genome sequence information is available for Arabidopsis, and because antiviral defenses are well studied in that model (Whitham et al., 2003; Ascencio-Ibáñez et al., 2008; García-Marcos et al., 2009; Elena et al., 2011; Hanssen et al., 2011) , for our subsequent analysis, we chose to compare our transcriptome results with Arabidopsis-virus responses. Moreover, such a comparison allows us to compare and contrast antiviral responses in monocot and dicot plants. Among the altered antiviral silencing components, transcript levels of a SDE3-like helicase (Bradi3g52690), which in Arabidopsis is involved in secondary amplification of silencing and short-interfering RNA production (Dalmay et al., 2001) , was suppressed in PMV and PMV+SPMV infections by $2-fold compared with mock-inoculated plants (Supplemental Table S1 ). In Arabidopsis, activation of pathogenesis-related (PR) proteins is a classical marker for basal and induced defense responses involving SA, pathogen-triggered immunity, effector-triggered immunity, and systemic acquired resistance (Pieterse et al., 2009; Vlot et al., 2009; Padmanabhan and DineshKumar, 2010; An and Mou, 2011) . Among the PMV and PMV+SPMV-modulated genes in Brachypodium that are Triplicate samples of Brachypodium (Bd21) plants infected with PMV or PMV+SPMV or mock inoculated at stage II (mild chlorosis symptoms) were analyzed using microarrays. Significant changes in gene expression relative to mock were determined using the Benjamini and Hochberg method by correcting for FDR (q-value , 0.05). A, The Venn diagrams represent the number of genes up-regulated and downregulated in response to PMV and PMV+SPMV infection. B, Summary of the biological processes overrepresented in PMV and PMV+SPMV infections as deduced using AgriGO (Du et al., 2010) , Pfam, and PANTHER functional annotations (Thomas et al., 2003; Punta et al., 2012) . A detailed list of the GO assignments and SEA analysis is in Supplemental Table S2 . [See online article for color version of this figure. ] functionally annotated as stress or stimulus responsive (Fig. 3B) , two Cys-rich secretory proteins (Bradi1g57580 and Bradi1g57590) were induced .20-fold compared with mock controls (Table I) . We identified these as PR-related proteins and, in Arabidopsis, were closest to PR-1. Further candidate gene searches revealed increased expression of several PR genes orthologous to Arabidopsis PR-2, PR-3, PR-4, and PR-5 (Table I) in PMV alone and PMV+SPMV coinfection. Interestingly, multiple Brachypodium PR genes that were strongly induced in PMV infection were relatively less induced in the PMV +SPMV coinfection (Table I) . For example, expression of a PR-1-like gene was up-regulated by 40-fold in PMV alone infection compared with mock; however, its expression was induced only 20-fold in PMV+SPMV infections. Similar expression patterns were observed for other PR genes (Table I) . Because PMV and PMV+SPMV infection induced multiple PR genes, we next determined whether other components of SA signaling were altered. We found up-regulation of ISOCHORISMATE SYNTHASE1 (ICS1)-like, ABERRANT GROWTH AND DEATH2 (AGD2), ALTERNATIVE OXIDASE (AOX), and certain WRKY factors, while expression of a PHYTOALEXIN DEFICIENT4 (PAD4)-like gene was down-regulated (Table I ). The closest orthologs of each of these gene products in Arabidopsis are implicated in SA biosynthesis and signaling (Vlot et al., 2009; An and Mou, 2011) .
Activation of PR genes by SA or pathogen infection is likely a downstream secondary response, mediated in Arabidopsis by NPR1, TGA, and WRKY family transcriptional regulators (Moore et al., 2011) . From our microarray results, transcript levels of NPR1 and TGA family members were not affected by PMV or PMV+SPMV infection (data not shown). However, multiple WRKY genes were up-regulated in PMV and PMV+SPMV infections (Table I ; Fig. 5 ). WRKY factors belong to a superfamily of DNA-binding transcriptional regulators that are crucial for plant growth and development and mediate responses to biotic and abiotic stress and innate immunity (Rushton et al., Table I . Differential expression of putative Brachypodium genes involved in SA signaling
The relative unlogged fold change ($1.5-fold) in gene expression of PMV and PMV+SPMV infection compared with mock is indicated. Minus sign represents down-regulated fold change. The gene descriptions were deduced from peptide ortholog analysis with Arabidopsis protein sequences using Phytozome (Goodstein et al., 2012) . The percentage similarity of Brachypodium proteins with the orthologous Arabidopsis proteins is indicated in parentheses. Note that some Brachypodium genes with low percentage similarity to their respective Arabidopsis orthologs are indicated as "-like." For additional phylogenetic analyses, see Fig.  5 and Supplemental Figure S2 . The statistical significance of gene expression changes was determined using Student's t test and was corrected for FDR using the Benjamini and Hochberg method (q-value , 0.05). for effects on chlorophyll content). Functional classification of the different genes was deduced using AgriGO (Du et al., 2010) , Pfam, and PANTHER annotations (Thomas et al., 2003; Punta et al., 2012) . Note that genes with multiple alternatively spliced transcripts occur more than once, and certain alternatively spliced transcripts exhibit differential expression kinetics. 
2010). To identify PMV-and PMV+SPMV-affected
PMV and SPMV Modulate Expression of Jasmonic Acid and Ethylene Signaling-Related Genes
In addition to SA, two other hormones, jasmonic acid (JA) and ethylene (ET), play important roles in plant defenses against pathogens (Pieterse et al., 2009; Verhage et al., 2010; An and Mou, 2011) . Although there are reports of SA and JA synergy (Mur et al., 2006) , in general, SA antagonizes JA and ET responses, especially in mediating defense against biotrophic pathogens (Vlot et al., 2009 ). PMV and PMV +SPMV infections suppressed the expression of putative Brachypodium LIPOXYGENASE2 (LOX2) and ALLENE OXIDE SYNTHASE (AOS) enzymes (Table  II) , which in Arabidopsis are associated with JA biosynthesis. Although expression of 12-OPDA REDUC-TASE3 (OPR3), an enzyme functioning downstream of LOX2 and AOS in JA biosynthesis was up-regulated (Table II) , two putative JA-responsive genes, including VEGETATIVE STORAGE PROTEIN1 (VSP1) and FATTY ACID DESATURASE7 (FAD7), were down-regulated (Table II) . Few of the PMV-and PMV+SPMV-infected plants transitioned to flowering ( Fig. 1 ): These plants had fewer flowers, reduced or no seed set, and poor viability ( Fig. 1 ; data not shown). Such reproductive defects are also common in several JA-deficient mutants, such as fad3/fad7/fad8, aos, and opr3 in Arabidopsis (Wasternack, 2007) , and correlate to the suppressed JA responses in the PMV-and PMV+SPMV-infected plants.
The precursor of ET, 1-aminocyclopropane-1-carboxylic acid (ACC), is synthesized by ACC synthase. Production of ACC is a rate-limiting step in ET biosynthesis. ACC is further converted to ET by ACC oxidase (ACO; Dong et al., 1992) . PMV-and PMV Figure 5 . Sequence analysis of PMV-and SPMVmodulated WRKY transcription factors in Brachypodium. A, Multiple sequence alignment of WRKY-domain sequence of WRKY factors misexpressed in PMV and SPMV infection. The consensus symbols are indicated below the alignments with identically conserved residues indicated by black shading and an asterisk. Amino acids with $50% identity are shaded gray and marked with a period. The conserved WRKY and zinc-finger motifs are underlined and in red and blue, respectively. B, The phylogenetic relationship of Brachypodium WRKY factors misexpressed in PMV and PMV+SPMV infections with orthologous Arabidopsis WRKY factors. The protein sequences were retrieved from Phytozome (Goodstein et al., 2012) , aligned using ClustalX2 (Larkin et al., 2007) , and displayed as an unrooted tree using Archeopteryx (Han and Zmasek, 2009 ). The branch length at bottom right of the phylogram indicates genetic distances. The down-regulated gene is identified by a black triangle. The grouping of WRKY factors into Groups Ic, IIa, IIc, and III was based on the classification described previously (Rushton et al., 2010) .
[See online article for color version of this figure. ] +SPMV-infected plants had higher levels of ACO1 transcript compared with mock (Table II) . However, expression of several putative ET response factors such as ETHYLENE RESPONSE FACTOR-1 (ERF-1), ERF3-like, ERF4, and ERF/Related to AP2.2 (RAP2.2) were down-regulated (Table II) , suggesting suppressed ET signaling in the infected plants.
Together, these results support alteration of JA and ET signaling, as a component of host immune responses to PMV and PMV+SPMV infection, possibly via interactions with SA signaling (Vlot et al., 2009 Because the altered SA, JA, and ET responses in the PMV-and PMV+SPMV-infected plants identified using microarray analysis was only a snapshot of the affected defense responses before the onset of severe disease symptoms (stage II), we analyzed their dynamics during the other stages of infection. For this, we sampled PMV-and PMV+SPMV-infected plants when they displayed no symptoms (stage I), mild chlorosis symptoms (stage II), and severe chlorosis, necrosis, and stunting symptoms (stage III), as described earlier (Fig. 1) . Next, we performed qRT-PCR analysis to quantify expression of putative SA (PR-1-, PR-3-, PR-5-, PAD4-like, and AOX1A), JA (LOX2, AOS, and OPR3), and ET (ERF-1 and ERF3-like) components in the infected plants. Based on the microarray data (Tables I and II) , the aforementioned genes demonstrated varying levels of misexpression in PMV-and PMV+SPMV-infected plants. The temporal expression analysis revealed activated expression of PR-1, PR-3, and PR-5-like genes in PMV ($2.8-fold) and in PMV+SPMV-infected plants ($1.7-fold) when compared with mock-inoculated plants as early as stage I, when visible symptoms were not evident (Fig. 6, A-C) . PR gene expression continued to increase in subsequent stages of infection (stages II and III; Fig. 6 , A-C). Also consistent with the microarray data, expression of multiple PR genes was significantly less induced in PMV+SPMV-infected plants compared with PMV alone infection (Fig. 6 , A-C; Table I ). Similarly, expression of AOX1A was induced $250-fold in PMV and $50-fold in PMV+SPMV-infected plants at stage I and was $500-fold at stages II and III (Fig. 6E ) in both infections. In contrast with the activated expression of PR and AOX genes that are components downstream of SA signaling in Arabidopsis, expression of a putative PAD4-like gene, an upstream positive regulator of SA responses (Zhou et al., 1998) , was significantly down-regulated in the infected plants in stages II and III; however, its expression was slightly induced (approximately 1.3-to 1.4-fold; P value # 0.05) early in the infection (stage I; Fig. 6D ). Furthermore, expression of multiple JA and ET components LOX2, AOS, ERF-1, and ERF3-like genes were all uniformly suppressed in PMV-and PMV +SPMV-infected plants, while expression of OPR3 was up-regulated (Fig. 6 , F-J), results that are again consistent with the microarray data. Similar to the expression pattern of the PAD4-like gene, expression of LOX2 and ERF3-like genes was significantly higher early in the infection (stage I) but suppressed in stages II and III when compared with the mock-inoculated plants (Fig. 6 , D, F, and J). Moreover, multiple SA, JA, and ET components in Brachypodium were developmentally regulated. PR-1, PR-3, and PR-5-like gene expression was highest in plants in their reproductive phase with 2.3-, 2.0-, and 2.3-fold change induction, respectively, when compared with younger plants at stage I (Fig. 6, A-C) . Expression of AOS and ERF-1 was also higher early in the vegetative phase (stage I), while their expression was suppressed in late vegetative phase (stage II), as well as in the reproductive phase (stage III; Fig. 6 , G and I). LOX2 and ERF3-like genes displayed the opposite pattern, with lowest expression early in the vegetative phase (stage I; Fig. 6 , F and J). Interestingly, PMV and PMV+SPMV infection perturbed the normal developmental expression pattern of LOX2 and ERF3-like genes but not AOS and ERF-1 (Fig. 6, F , G, I, and J).
Together, these analyses not only corroborate the microarray findings, but also reveal the dynamic expression patterns of multiple SA, JA, and ET components during Brachypodium development and their differential perturbation in PMV and PMV +SPMV infections. The relative unlogged fold change ($1.5-fold) in gene expression of PMV and PMV+SPMV infection compared with mock are indicated. Minus sign represents down-regulated fold change. The gene descriptions were deduced from peptide ortholog analysis with Arabidopsis protein sequences using Phytozome (Goodstein et al., 2012) . The percentage similarity of Brachypodium proteins with the orthologous Arabidopsis proteins is indicated in parentheses. Note that some Brachypodium genes with low percentage similarity to their respective Arabidopsis orthologs are indicated as "-like." For additional phylogenetic analyses, see Supplemental Figure S2 . The statistical significance of gene expression changes was determined using Student's t test and was corrected for FDR using the Benjamini and Hochberg method (q-value , 0.05). (Table III) , with six additional STKs whose expression was affected by 1.5-to 2-fold (data not shown). Based on the predicted protein sequences and the functional domains, the majority of these kinases were identified as being receptor-like kinase/Pelle (RLK) proteins (Shiu et al., 2004) . Most plant RLKs are transmembrane proteins or membrane-associated proteins with intracellular kinase domains, although some are localized to the cytosol (Shiu et al., 2004; Padmanabhan and DineshKumar, 2010) . Using multiple sequence alignment analysis and phylogenetic comparisons, we identified PMV-and PMV+SPMV-affected kinases as belonging to RLK subfamilies LRR-VIII-2, LRR-XII, wall-associated kinase (WAK)/LRK10L-1, RLCK-OS2, RLCK-IV, RLCKIXb, SD-1c, SD-2b, L-LEC, and DUF26, in addition to non-RLK subfamilies, such as MEKK_ste11_MAP3K, KIN1/SNF1/Nim1_like (CAMK_2), and PVPK_like (AGC_8)_kin82y ( Fig. 7 ; Table III domains (Fig. 7) , as well as three RLKs possessed domains of unknown function (DUF26). Kinases such as those possessing L-LEC, D-Man binding lectin, and DUF26 also contained putative transmembrane domains (Supplemental Table S3 ), suggesting that they may function as transmembrane RLKs. The general upregulation of several host kinases and RLKs suggests that phosphorylation modifications of either host or virus-encoded proteins are crucial signals in PMV and PMV+SPMV infection. Because SPMV enhanced PMV accumulation and exacerbated disease symptoms ( Fig. 1 ; Scholthof, 1999) , we analyzed the effect of SPMV on host molecular processes. Unexpectedly, multiple genes in SA, JA, and ET defenses, particularly PR and AOX genes that were altered in PMV single infections, consistently demonstrated lower fold changes of misexpression in coinfection with SPMV, as determined by microarray and qRT-PCR analysis (Tables I and II ; Fig. 6 ). In contrast with the antagonistic effect on defense gene expression, a large number of genes in diverse functional categories displayed additive or synergistic alteration in their expression patterns during a coinfection of SPMV (Tables IV and V) . Intriguingly, few distinctive genes were uniquely altered by SPMV (Table VI) , compared with PMV alone or mock-inoculated plants. After verification by qRT-PCR, we identified these unique up-regulated genes as spliceosome-associated factors (Bradi2g09850 and Bradi5g07850), an AP2 family transcription factor (Bradi3g06562), and a protein of unknown function (Bradi4g34700) with a predicted nuclear localization signal (based on PSORT analysis; data not shown).
Taken together, these results show that SPMV modulates PMV-triggered defense gene expression and uniquely activates expression of putative nuclear-localized proteins involved in transcription and splicing. We hypothesize that the cumulative effect of these processes relates to the exacerbated disease symptoms induced by SPMV in PMV+SPMV coinfections.
Table III. Differential expression of putative Brachypodium kinases altered in PMV and PMV+SPMV infection
The relative unlogged fold change ($2-fold) in gene expression of PMV and PMV+SPMV infection compared with mock are indicated. Minus sign represents down-regulated fold-change. The gene descriptions were deduced from Pfam and PANTHER functional annotations obtained using the Phytozome (Goodstein et al., 2012) . The statistical significance of gene expression changes was determined using Student's t test and was corrected for FDR using the Benjamini and Hochberg method (q-value , 0.05). 
DISCUSSION
In contrast with dicot plant virus research, studies with monocot-infecting viruses have lagged due to the lack of a reliable genetic model. Grasses, including rice, maize (Zea mays), switchgrass, wheat, and sorghum have long lifecycles, require an abundance of greenhouse space, and oftentimes lack critical genomic tools (microarrays, annotated genomes, etc.). Recently, Brachypodium has emerged as a promising model for grass biology research (Draper et al., 2001; Huo et al., 2006; Vogel et al., 2006; Vogel and Hill, 2008; Bevan et al., 2010; Garvin et al., 2010; International Brachypodium Initiative, 2010; Brkljacic et al., 2011; Cao et al., 2011) . Here, we demonstrated the utility of Brachypodium as a model system for plant pathobiology studies with a focus on the synergism of the mixed infection of PMV and SPMV. PMV-and PMV+SPMV-infected Brachypodium produced the same disease outcome we had previously observed with various millet species (Scholthof, 1999) , including severe symptoms of chlorosis and necrosis, stunting, and reduced seed set ( Figs. 1 and 2) . The earlier detection of PMV CP together with the exacerbated symptoms of PMV+SPMV-infected plants compared with PMV alone infection (Fig. 1) supports a role for SPMV in enhancing PMV accumulation in Brachypodium, a finding consistent with our previous reports of PMV+SPMV synergism in millets (Scholthof, 1999) . Because viral synergistic interactions can be host specific (González-Jara et al., 2004), recapitulating the results of these earlier experiments in millet species was a critical first step toward establishing Brachypodium as a robust genetic model species for studying PMV and SPMV interactions.
Our comparative transcriptome analyses of PMV alone and the mixed PMV+SPMV infections in Brachypodium (summarized in Fig. 8 ) with previously known dicot-infecting plant viruses (Whitham et al., 2003; Ascencio-Ibáñez et al., 2008; García-Marcos et al., 2009; Elena et al., 2011; Hanssen et al., 2011) revealed several distinctive features of virus-host interactions of monocots. PMV and PMV+SPMV infection prominently triggered SA-mediated defense responses, a response that appears conserved with several dicot host:virus interactions (Murphy et al., 1999; Kachroo et al., 2000; Whitham et al., 2003 Whitham et al., , 2006 Huang et al., 2005; Ascencio-Ibáñez et al., 2008; Hanssen et al., 2011; Pacheco et al., 2012) . Multiple genes in the PR protein family were strongly up-regulated in PMV alone and PMV+SPMV infections in Brachypodium (Table I , and summarized in Fig. 8 ). Brachypodium has two PR-1-like (Bradi1g57580 and Bradi1g57590) and two PR-5-like (Bradi1g13060 and Bradi1g13070) genes that are tandemly arranged on chromosome 1. Expression of both copies of PR-1-like and PR-5-like genes was induced in PMV and PMV+SPMV infections ( Table I) , suggesting that these genes are transcriptionally coregulated. Similarly, expression of three tandemly arranged subunits of AOX, an enzyme activated by SA and pathogen infection (Lennon et al., 1997), was . Phylogenetic classification of Brachypodium Ser-Thr kinases altered in PMV and PMV+SPMV infection. The sequences were retrieved from Phytozome (Goodstein et al., 2012) , aligned using ClustalX2 (Larkin et al., 2007) , and displayed as an unrooted tree using Archeopteryx (Han and Zmasek, 2009 ). The functional domains and subfamilies of the kinases were deduced using predicted Pfam and PANTHER annotations (Thomas et al., 2003; Punta et al., 2012) using Phytozome (Goodstein et al., 2012) . The kinases were grouped into subfamilies: LRR-VIII-2, LRR-XII, WAK/LRK10L-1, RLCK-OS2, RLCK-IV, RLCK-IXb, SD1c, SD-2b, MEKK_ste11_MAP3K, KIN1/SNF1/Nim1_ like (CAMK_2), PVPK_like_kin82y (AGC_8), L-LEC, and DUF26, following a classification previously described (Shiu et al., 2004) . Down-regulated genes are identified by black triangles. Note that among the down-regulated genes, Bradi2g47510, Bradi4g30380, and Bradi4g45310 cluster together, suggesting a transcriptional coregulation of these phylogenetically related kinases.
Table IV. Additively induced Brachypodium genes by SPMV
The relative unlogged fold change ($2-fold) in gene expression of PMV and PMV+SPMV infection compared with mock are indicated. Only gene expression changes that are statistically significant (P value , 0.05) between PMV and PMV+SPMV infections are listed. The gene descriptions were deduced from Pfam and PANTHER functional annotations obtained using the Phytozome (Goodstein et al., 2012 (Table I , and summarized in Fig.  8 ). Although Arabidopsis also has tandemly arranged PR and AOX genes, it is not known if they are transcriptionally coregulated in response to pathogen infections. PR gene expression was also activated in healthy Brachypodium plants (mock inoculated) as they matured (Fig. 6 ). This correlates with their known roles in Arabidopsis developmental leaf senescence (Lim et al., 2007) , a process triggered as plants mature. However, PMV and SPMV infection constitutively activated PR-1, PR-3, PR-5-like genes, and AOX1A, although expression of PR3-like gene and AOX1A The statistical significance of qRT-PCR changes in gene expression was determined using Student's t test (P value , 0.05). For the microarray data, FDR correction using the Benjamini and Hochberg method (q-value , 0.05) was used. Primers used for this study are listed in Supplemental Table S6 . The gene descriptions were deduced from Pfam and PANTHER functional annotations obtained using the Phytozome (Goodstein et al., 2012 (Fig. 6) . Despite the strong activation of PR genes and other SA components, PMV-and PMV+SPMV-infected plants did not display precocious senescence (data not shown), suggesting that the role of PR proteins in defense responses is distinct from their function in developmental senescence.
In support of the antagonistic relationship between SA and JA/ET responses, PMV and PMV+SPMV infection suppressed expression of multiple JA and ET components (Table II; Fig. 6 , and summarized in Fig.   8 ). JA and ET hormones are also implicated in plant development, including senescence (van der Graaff et al., 2006) and flower development (Wasternack, 2007) . In Arabidopsis, expression of LOX2 is induced in response to wounding (Bell et al., 1995) , methyljasmonate treatment (Jensen et al., 2002) , and senescence (van der Graaff et al., 2006) . Here, we found that the expression of LOX2 was developmentally regulated, with highest expression in mature plants (Fig. 6) . Expression of AOS, an enzyme functioning downstream of LOX2 in JA biosynthesis (Wasternack, 2007) , Figure 8 . Proposed model for the host:pathogen interactions induced by PMV alone or the PMV+SPMV synergism in Brachypodium. Briefly, the PMV replicase-associated proteins (P48 and P112), movement-associated proteins (P8, P6.6, and P15), PMV CP, and SPMV capsid protein (SPCP) cooperatively function in translation, replication, encapsidation, and movement of PMV and SPMV in a systemic infection of Brachypodium and other grasses in the Poaceae. PMV and SPMV move cell to cell primarily via plasmodesmata (up-down arrow) as viral ribonucleoprotein complexes, probably with assistance from PMV P8, SPCP (which are also associated with the host cell membrane), P6.6, and P15 (Turina et al., 2000; Qi et al., 2008) . Blue and orange beads on a string represent PMV and SPMV vRNPs, respectively. Both PMV virions (blue hexagon) and SPMV virions (orange hexagon) assemble in the cytosol of an infected leaf and are probably introduced into new cells through cell damage (lightning bolt). An as yet unidentified PMV-or SPMV-associated viral component (RNA and/or proteins indicated by "?") elicits host defense responses activating expression of multiple transmembrane receptor-like kinases (TM-RLK) and cytoplasmic receptor-like kinases (Cyto-RLK). PMV and PMV+SPMV infection also triggers expression of SA, JA, and ET components, possibly as a host defense response (the red and green text indicates up-and down-regulated genes, respectively). SPCP also localizes to the host nucleus and nucleolus (Qi et al., 2008) , thereby uniquely modulating expression of putative splicing factors (SF1 and SF3A) and an AP2 factor and may affect alternative splicing of certain host mRNAs. The annotation of Brachypodium genes is based on orthologous Arabidopsis proteins. Further outcomes of the Brachypodium transcriptome changes in response to PMV and PMV+SPMV infections are explained in the "Discussion." The PMV and SPMV genomes are shown in Supplemental Figure S1 .
was also developmentally regulated; however, its expression appeared antagonistic to LOX2, with lowest expression in the mature plants (Fig. 6) .
Although the cross talk between JA and ET signaling in plant-pathogen interactions is widely known, relatively less information is available regarding the transcriptional regulation and feedback between the two pathways. In Arabidopsis, members of AP2/ERF family of transcription factors, such as ERF1, mediate JA-induced transcriptional changes in response to pathogen infections as well as to exogenous methyl-jasmonate or ET (Lorenzo et al., 2003) . In periwinkle (Catharanthus roseus), an AP2/ ERF-domain transcription factor, ORCA3, binds directly to the jasmonate-and elicitor-responsive element in the promoter of a terpenoid indole alkaloid biosynthetic gene, STRICTOSIDINE SYNTHASE, and activates its expression in response to methyl-jasmonate (van der Fits and Memelink, 2001). PMV and PMV+SPMV infection modulated expression of multiple AP2/ERF-like transcription factors, including ERF-1 and ERF3-like genes (Table II; Supplemental Table S4 ). Moreover, expression of ERF-1 and ERF3-like genes appeared to be developmentally regulated (Fig. 6 ) and, interestingly, paralleled the expression patterns of AOS and LOX2, respectively (Fig. 6) . Given the role of ERF proteins in transcriptional regulation of JA components (van der Fits and Memelink, 2001; Lorenzo et al., 2003) , it is tempting to speculate the Brachypodium ERF-1 and ERF3-like factors we identified here could mediate AOS and LOX2 expression. Nevertheless, the simultaneous suppression of JA and ET components in PMV and PMV+SPMV infection and the overlapping developmental expression patterns of JA biosynthesis genes and ERF transcription factors supports transcriptional coregulation of JA and ET components.
In contrast with the prominent changes in expression of SA, JA, and ET defense components, components of posttranscriptional gene silencing defenses were largely unaffected in PMV and PMV+SPMV infections. Posttranscriptional gene silencing via short-interfering RNA is a conserved mechanism of defense against viruses (Dunoyer and Voinnet, 2005; Scholthof, 2009, 2011) . For example, tomato (Solanum lycopersicum) plants infected with Pepino mosaic virus, a Potexvirus, activates multiple Dicer-like (DCL) and AGO genes during the infection (Hanssen et al., 2011) . Similarly, Arabidopsis DRB4 expression is induced upon infection of Turnip yellow mosaic virus (Jakubiec et al., 2012) , and expression of RDR1 is up-regulated in tobacco plants infected with Tobacco mosaic virus (Xie et al., 2001 ) and PVY (Rakhshandehroo et al., 2009) . Brachypodium has seven DCL, four DRB, two HEN, 14 AGO, six RDR, and three SILENCING DEFECTIVE3 (SDE3)-like genes (data not shown). In contrast with the Pepino mosaic virus, Turnip yellow mosaic virus, and PVY responses (Rakhshandehroo et al., 2009; Hanssen et al., 2011; Jakubiec et al., 2012) , expression of DCL, DRB, AGO, HEN, and RDR genes in Brachypodium was not affected by PMV or PMV+SPMV infections (data not shown), although we cannot rule out changes in protein level or activity or changes that occur transiently. However, expression of an SDE3-like helicase was suppressed in both PMV and PMV+SPMV infections (Supplemental Table S1 ). It is possible that a PMV-encoded protein functions to suppress SDE3 expression. Nevertheless, not activating (or otherwise evading) antiviral RNA silencing surveillance and suppressing SDE3 may be a strategy used by PMV and SPMV to enable productive infection in Brachypodium and, perhaps, in the other temperate grasses that support this mixed infection (Buzen et al., 1984; Scholthof, 1999) .
Several transcriptional regulators belonging to TGA, WRKY, and MYB gene families orchestrate SA-mediated transcriptional changes, including activation of PR and other defense-related genes, as well as modulate JA and ET signaling and influence plant defenses (Moore et al., 2011) . In Arabidopsis, SA-mediated defense responses are either NPR1 dependent or independent (An and Mou, 2011) . Both SA and pathogen infection induce expression of NPR1, in part via the WRKY transcription factors that bind to NPR1 promoter-proximal W-box sequences (TTGACC/T; Yu et al., 2001) . Moreover, NPR1 physically interacts with TGA factors within the nucleus, and its localization/activity is posttranslationally regulated by SA (Tada et al., 2008) . Although Brachypodium NPR1 (Bradi2g05870) also contains two putative W-box elements within a 50-bp region upstream of the transcriptional start site (2242 to 2292 bp), its expression was not altered in PMV or PMV+SPMV infections (data not shown), suggesting it to be less likely a transcriptional target of the WRKY factors misexpressed in PMV and PMV+SPMV infections ( Fig. 5 ; Supplemental Table S4 ). Moreover, we did not find alterations in the expression of TGA factors in PMV or PMV+SPMV infections (data not shown). Together, these results suggest that PMV-and SPMV-induced defense responses may be NPR1 independent. Although we do not know if BdNPR1 activity or subcellular localization was affected, our results agree with reports in Arabidopsis compatible host-virus interactions, whereby expression of the majority of defense-related genes are NPR1 independent (Kachroo et al., 2000; Huang et al., 2005) . Whitham et al. (2003) conducted the most comprehensive analyses of profiling genome-wide expression changes in response to diverse RNA virus infections in Arabidopsis. Among the genes altered in several functional categories, five protein kinases, putatively involved in signal transduction, were differentially expressed in Arabidopsis infected with Cucumber mosaic virus (genus Cucumovirus), Oil seed rape mosaic virus (genus Tobamovirus), Turnip vein clearing virus (genus Tobamovirus), PVX (genus Potexvirus), and Turnip mosaic virus (genus Potyvirus; Whitham et al., 2003) . In comparison to these compatible Arabidopsis viral responses, and other compatible dicot host:virus responses (Murphy et al., 1999; Kachroo et al., 2000; Whitham et al., 2003 Whitham et al., , 2006 Huang et al., 2005; García-Marcos et al., 2009; Hanssen et al., 2011) , PMV and PMV+SPMV infections in Brachypodium altered expression of a higher proportion of protein kinase genes (27 kinases; Table III; SEA FDR , 0.05; Supplemental Table S2 ), predominantly in the RLK/Pelle family (Shiu et al., 2004) . These RLKs possessed additional LRR, WAK/calcium-binding EGF, L-LEC, D-Man binding lectin, and DUF26 domains (Table III; Fig. 7) , and several of them contained putative transmembrane domains and W-box elements in their promoter-proximal sequences (Supplemental Table S3 ). Together, we suggest that these kinases are likely candidates to function as transmembrane RLKs and are putative targets of WRKY transcription factors induced in PMV and PMV+SPMV infections.
To our knowledge, few compatible monocot host:virus responses have been studied using transcriptome tools compared with dicot host:virus responses. Our finding of several up-regulated kinases in PMV-and PMV+SPMV-infected Brachypodium are comparable to responses found in maize infected with Rice black-streaked dwarf virus (genus Phytoreovirus; Jia et al., 2012) and rice infected with Rice stripe virus (genus Tenuivirus; Satoh et al., 2010) but not to Rice dwarf virus (genus Phytoreovirus) infections in rice (Shimizu et al., 2007) . Rice black-streaked dwarf virus and Rice stripe virus infections in maize and rice cause misexpression of 14 and 42 protein kinase genes, respectively (Satoh et al., 2010; Jia et al., 2012) , although the proportion of RLKs and their characteristics are unclear. The rice genome encodes a substantially greater number of kinases (kinome size of approximately 1,454), compared with Brachypodium (kinome size of approximately 1,177) and Arabidopsis (kinome size of approximately 1,027 kinases; Shiu et al., 2004; Dardick and Ronald, 2006; International Brachypodium Initiative, 2010) . Interestingly, the RLK/Pelle family is predicted to be larger even in the common ancestor of Arabidopsis and rice, which split approximately 150 to 200 million years ago and continued to undergo lineage-specific expansions in monocots and dicots alike (Shiu et al., 2004; International Brachypodium Initiative, 2010) . The large number of RLKs among the kinases in general may explain the relatively higher abundance of RLKs (24 out of 27) in the PMV/SPMV kinome when compared with the other kinase subfamilies (Fig. 7) . However, because the kinome sizes of Brachypodium and Arabidopsis are comparable, and because RLKs underwent parallel expansions in both dicots and monocots, mere differences in kinome size or composition do not explain why a higher proportion of kinases are misexpressed in PMV-and PMV+SPMV-infected Brachypodium when compared with other dicot: virus infections. Perhaps misexpression of these protein kinases is a unique feature of monocot host:virus interactions, with biological significance in antiviral defenses.
Plant RLKs are either cytosolic (e.g. RLCKs) or membrane-spanning (e.g. receptor His kinases) and mediate growth and development by serving as receptors to hormones such as ET (Bleecker and Kende, 2000) , cytokinin (Higuchi et al., 2004) , and brassinosteroids (Li and Chory, 1997) . Some RLKs also recognize pathogen-associated molecular patterns, such as flagellin, chitin, or effector proteins involved in plant innate immune responses, commonly referred to as pathogen recognition receptors (PRRs; Afzal et al., 2008; Dodds and Rathjen, 2010) . In Arabidopsis and rice, fewer than 20% of all RLKs constitute PRRs (e.g. Arabidopsis flagellin-sensitive FLS2 [Gómez-Gómez and Boller, 2002] and rice XA21 [Chen et al., 2010] ). PRRs typically lack an Arg (R) residue preceding the invariant Asp (D) in the catalytic site and are referred to as non-RD kinases (Chen et al., 2010) . In the PMV/SPMV kinome, Bradi5g02980, Bradi4g38690, Bradi4g21990, and Bradi2g47510 are non-RD kinases (Supplemental Table  S3 ; data not shown), suggesting that they could function in a manner similar to PRRs. Despite the importance of PRRs in bacterial and fungal diseases (Afzal et al., 2008; Dodds and Rathjen, 2010) , their function and that of the other RLKs in virus:host interactions are not known.
Unlike bacterial and fungal pathogens, plant viruses are mostly located within a cell and use symplastic connections (plasmodesmata) for cell-to-cell movement. Moreover, plant viruses do not produce pathogenassociated molecular patterns or encode effector-like proteins for cytoplasmic or cell surface-localized RLK recognition (Carr et al., 2010) , yet RLKs could function in signal transduction in viral infection. Reflecting on this scenario, we suggest that RLKs (such as PRRs) could perceive virus-associated signals. As summarized in Figure 8 , RLKs could recognize PMV and SPMV virions or their encoded proteins either at the plasmodesmata (via transmembrane RLKs) or in the cytoplasm (via cytosolic RLKs). In support of this, recent proteomic studies have identified several RLKs as an abundant class of membrane proteins enriched at the plasmodesmata (Fernandez-Calvino et al., 2011; Jo et al., 2011) . Alternatively, and in a manner similar to WAKs, RLKs may recognize damage-associated molecular patterns, such as oligogalacturonides (Brutus et al., 2010) , released by the damaged cells as a consequence of virus infection. Although these scenarios are not mutually exclusive, further studies to determine the localization and interactions between PMV-and SPMV-encoded proteins and the host protein kinases misregulated in the infection will test these hypotheses.
Synergism among viruses is generally described by enhanced host disease symptoms and enhanced movement of the viruses as a mixed complex versus movement of individual viruses . The best known example of viral synergisms, the mixed infection of PVX and PVY, results in an increased accumulation of PVX by upwards of 40-fold in plants permissive for systemic infection compared with single infections , primarily due to the effect of PVY-encoded silencing suppressor protein, HCPro (Pruss et al., 1997) . Very little is known about the host processes affected by PVX-PVY synergism or viral synergisms in general. Using an orthologous potato cDNA array, García-Marcos et al. (2009) determined that PVX+PVY coinfection in N. benthamiana activated putative genes in JA biosynthesis pathway. In another study, expression of specific microRNAs, such as miR156, 171, 398, and 168, were found to be differentially expressed among single versus mixed infections of PVX, PVY, and Plum pox virus in N. benthamiana (Pacheco et al., 2012) .
However, the biological relevance of the microRNAs (Pacheco et al., 2012) and the misregulated JA components (García-Marcos et al., 2009) in the potyviral synergisms are not clear. Mechanistically, the SPMV synergism is unlike the potyviral synergism that involves the HC-Pro silencing suppressor, as SPMV (i.e. SPMV CP) has no known role in suppressing silencing (Qiu and Scholthof, 2001) .
Although PMV accumulated to detectable levels earlier in the presence of SPMV in Brachypodium (Fig. 1 ) and in millets (Scholthof, 1999) , the timing of the disease symptom appearance of PMV-and PMV +SPMV-infected plants was similar, suggesting that SPMV has only modest effect in altering the rate of infection or the disease progression. However, SPMV infection did exacerbate the disease symptoms (Figs. 1 and 2) and additively altered host gene expression (Tables IV and VI) in a manner similar to PVX-PVY synergistic interactions in N. benthamiana (García-Marcos et al., 2009) . We hypothesize that the early detection of PMV and the exacerbation of symptoms could be a result of greater PMV accumulation per cell and/or more cells infected with PMV in the presence of SPMV, possibly due to SPMV enhancing PMV replication (Batten et al., 2006b ) and/or PMV movement. In contrast with the additive effects on gene expression (Tables IV and VI) , expression of multiple SA and JA signaling genes was relatively less misexpressed in PMV+SPMV coinfection, when compared with an infection of PMV alone (Table I ; Fig. 6 ). Moreover, SPMV uniquely modulated expression of few transcription factors (Table VI) . These observations suggest that at least some of the SPMV-induced effects are not direct consequences of enhancing PMV accumulation. Based on the altered gene expression data alone, it is difficult to ascertain if these additively or antagonistically altered genes are a direct cause or consequence of the exacerbated disease symptoms in PMV+SPMV infection, but they are indicative of the synergistic role imparted by SPMV at the molecular level.
SPMV uniquely altered the expression of putative nuclear-localized proteins in splicing processes, a premRNA splicing factor 3A subunit 1, and a splicing factor 1/branch-point binding protein (Table VI) , suggesting that SPMV may also function by affecting splicing-related processes. A preliminary analysis of the microarray data detected significant changes (FDR , 0.05) in expression of alternatively spliced transcripts in select genes, including an RNA polymerase II subunit in PMV+SPMV infections compared with PMV alone (Supplemental Table S5 ), although the fold change in expression of these transcripts was low. The alternatively spliced transcripts originated from intron retentions or alternate splice site preferences (Supplemental Table S5 ) and altered the primary protein sequence. Alternative splicing can influence plant defense responses, as demonstrated for fungal, bacterial, and viral infections (Dinesh-Kumar and Baker, 2000; Jordan et al., 2002; Zhang and Gassmann, 2003; Ayliffe et al., 2004; Reddy, 2007) . For example, alternative splicing of eukaryotic translation initiation factor 4E was implicated in tolerance of tomato against two potyviruses, PVY and Pepper mottle virus, but not to Tobacco etch virus (also a potyvirus; Robaglia and Caranta, 2006; Piron et al., 2010) . Although the observed effects of SPMV on alternative splicing may be a consequence of exacerbated stress inflicted by PMV/SPMV synergism, we suggest that SPMV CP may alter splicing-related processes; based on our previous findings, SPMV CP is a bona fide RNA-binding protein, stabilizes RNA virus gene inserts in cis and in trans, and translocates to the nucleolus (Qiu and Scholthof, 2004; Qi et al., 2008; Everett et al., 2010) . Further studies are needed to clarify the exact mechanism(s) and biological significance of the alternatively spliced transcripts misexpressed in PMV+SPMV synergism.
Regardless of the exact mechanisms, the role of SPMV as a molecular effector to PMV offers an explanation for the exacerbated symptoms in plants infected with PMV +SPMV compared with PMV alone. By analogy to host RNA silencing processes that exert selective pressure on viruses to acquire viral suppressors like HC-Pro, an evolutionary pressure on PMV to acquire disease modulating effectors like SPMV may have primed the synergism. Taken together, our findings show that although exacerbated symptoms are a common phenotypic feature of viral synergisms, at the cellular level unique and defined molecular changes are elicited. To our knowledge, this is the first report of a global gene expression analysis of a plant virus synergism in Brachypodium and Poaceae in general. and subsequently transferred to diurnal growth conditions. Alternatively, for viral infections, plants were vernalized at germination by cold-treating the seeds at 4°C for 7 to 10 d, followed by growth in diurnal conditions. For viral inoculations, full-length infectious clones of PMV and SPMV in pUC119 vectors were linearized using EcoICR1 and BglII restriction endonucleases, respectively (Turina et al., 1998) . Linearized plasmid DNA (500 ng) was used for in vitro transcription reactions using T7 RNA polymerase (Fermentis) following the manufacturer's instructions. After verification of the integrity of transcripts in agarose gels, approximately 100 ng of PMV and SPMV transcripts in RNA inoculation buffer (50 mM KH 2 PO 4 , 50 mM Gly, pH 9.0, 1% bentonite, and 1% celite) was used to rub-inoculate leaves of 1-week-old plants at two to three leaf stage as described previously (Qi et al., 2008) . Inoculated plants were covered (to maintain humidity) and kept in the dark for 24 h. Subsequently, plants were transferred to diurnal growth conditions, and infection was determined by scoring for symptoms of chlorosis, necrosis, and stunting observed in a typical infection. During the course of our study, we noticed that the onset of the chlorosis symptoms on PMV/SPMV-infected Brachypodium varied in independent infections performed at different times. The first visual chlorosis symptoms on the noninoculated leaves typically appear by 10 dpi, but oftentimes appear earlier at 7 dpi or were delayed till 14 dpi. This broad range in the onset of PMV/SPMV disease symptoms could be due to inherent variation associated with the PMV/SPMV infectivity and/or influence of environmental factors, factors that are not uncommon in similar pathosystems (Cui et al., 2012) . Nevertheless, to maintain consistency, we advise maintaining similar growth parameters, particularly light intensity, temperature, vernalization period, etc., all of which affected PMV/SPMV virulence (data not shown).
MATERIALS AND METHODS
Plant Growth Conditions and Virus Inoculations
Chlorophyll Quantification
Chlorophyll was extracted, and measurements were performed as described previously (Goldberg and Brakke, 1987; Bedell and Hangarter, 2004) . Briefly, 100 mg of fresh plant tissue was finely ground in liquid nitrogen, mixed with 2 mL of 80% acetone, and then centrifuged at 13,000g for 10 min at 4°C. The supernatant was separated and the pellet was resuspended in 1 mL of 80% acetone followed by centrifugation and separation of supernatant. The acetone extraction was repeated until the pellet was devoid of green chlorophyll. Finally, all the supernatants were combined and chlorophyll absorbance was measured using a spectrophotometer at 663 (chlorophyll a) and 646 nm (chlorophyll b) and converted to micrograms of chlorophyll/milligrams fresh weight of leaf tissue (Lichtenthaler and Wellburn, 1983) .
Protein Extraction and Immunoblot Assays
Viral detection in infected plants was determined by immunoblot assays using rabbit polyclonal antibodies against PMV CP and SPMV CP, as described previously (Scholthof, 1999) . Briefly, plant samples were harvested and homogenized directly in 23 Laemmli SDS sample buffer, as described previously (Martínez-García et al., 1999) . The extracts were then boiled for 10 min and centrifuged at 10,000 rpm for 5 min. The supernatants were electrophoresed on SDS-PAGE gels (12.5%) and blotted onto nitrocellulose membranes (Amersham). The blots were blocked in 5% milk followed by incubation with primary anti-PMV CP (1:5,000) or anti-SPMV CP (1:1,000) serum and peroxidase-conjugated goat anti-rabbit IgG secondary antibodies (Rockland) at 1:10,000 dilutions. Visualization of the proteins was performed by using SuperSignal West Pico (Pierce) chemiluminescence detection reagents and x-ray film.
RNA Isolation, Microarray, and qRT-PCR Analysis
Total RNA was isolated from shoots (inoculated and noninoculated) of PMV and PMV+SPMV coinfected plants at stage II, with only mild chlorosis symptoms at 7 dpi, and with detectable PMV CP and SPMV CP (data not shown), along with mock-inoculated shoots, using the plant RNAeasy kit (Qiagen) following the manufacturer's instructions. RNA from three independent biological replicates was submitted to Nottingham Arabidopsis Stock Centre Affymetrix Service for labeling and hybridization. Standard Affymetrix recommendations and quality controls were employed for microarray hybridization using a custom-designed Affymetrix Brachypodium tiling array (BradiAR1b520742), consisting of about 2.5 million probes representing approximately 27,000 genes, with .95% of exons and introns targeted by more than five probes. Mean probe size was about 42 bases, and the probes are spaced approximately 126 nucleotides apart. The gene predictions developed for this array are based on the Brachypodium (accession Bd21) genome sequence, Illumina, and EST-based transcriptome analyses (International Brachypodium Initiative, 2010) and are accessible through Phytozome (v7.0, released on April 8, 2011). For further information on the array design, refer to Fox et al. (2010) . A robust multichip average sketch was employed for raw data normalization, background correction, and summarization of the chip signals. Transcript-level sense-target probe sets were filtered out for further analysis. Statistical significance among the normalized data sets was determined using Student's t test and was corrected for FDR using the Benjamini and Hochberg method (q-value , 0.05; Benjamini and Hochberg, 1995) . Assignment of putative functions to the misexpressed genes was performed using a combined GO using AgriGO resource (Du et al., 2010) , as well as using Pfam (Punta et al., 2012) and PANTHER (Thomas et al., 2003) annotations through Phytozome (Goodstein et al., 2012) . The annotations were trimmed for redundant GOs and multiple descriptions for similar biological processes and are summarized in Figure 3B . Enriched GO terms within the PMV and PMV+SPMV coinfection were subjected to SEA against a precalculated Brachypodium background genomic loci using the AgriGO tool (Du et al., 2010) . x 2 test and FDR correction using the Hochberg method (FDR , 0.05) was employed for determining statistical significance. Significantly altered expression in specific functional classes of genes was represented as heat maps, generated using the Multiexperiment Viewer application (Saeed et al., 2003) . For identifying Arabidopsis (Arabidopsis thaliana) orthologs of candidate Brachypodium genes, we used the peptide homolog tool available through Phytozome (Goodstein et al., 2012) . The peptide homolog tool employs "all-against-all Smith-Waterman alignment" (Smith and Waterman, 1981) , which is considered superior to BLAST-or FASTA-based alignments for recovery of orthologous peptides to a query sequence (Pearson, 1991; Shpaer et al., 1996) . Reciprocal searches yielded similar results. However, because crossspecies comparisons of orthologous genes (monocots and dicots split approximately 150 million years ago; Chaw et al., 2004) can be complicated, we took a conservative approach and named only those Brachypodium genes after an Arabidopsis ortholog (e.g. BdPR-1), only if they had unique and highest similarity scores. Others were assigned as "-like" genes (e.g. PR-1-like). Furthermore, for genes families such as WRKYs, protein kinases, ACO, AOX, FAD, LOX, MKK, OPR, and ERF proteins, multiple sequence alignment and phylogenetic analyses was performed using the predicted protein sequences of Brachypodium genes and their respective Arabidopsis orthologs retrieved from Phytozome using ClustalW2 (Larkin et al., 2007) . The resulting neighbor-joining trees were displayed using NJplot (Perrière and Gouy, 1996) and/or Archeopterix (Han and Zmasek, 2009 ) display tools (Figs. 5 and 7; Supplemental Fig. S2, A-G) . During the preparation of this article, Phytozome v8.0 was released (January 16, 2012), resulting in minor changes to a few gene loci. We manually screened for these changes and incorporated them in our analysis. Minimum Information About a Microarray Experiment-compliant data were deposited in ArrayExpress (Parkinson et al., 2011) with submission ID E-MEXP-3729. Microarray data were further verified for reliability using qRT-PCR analysis of 20 genes using the same RNA used for the microarray analysis. Although qRT-PCR analysis only confirms the selected gene expression data, it is a commonly regarded independent laboratory-based approach to corroborate microarrays, as microarrays are often prone to several procedural and data-processing artifacts (Chuaqui et al., 2002) . For an unbiased representation of the microarray data, we chose the 20 candidate genes in diverse functional categories with expression changes ranging from 2-to 50-fold in PMV and PMV+SPMV infections, when compared with mock-inoculated plants (Supplemental Table S1 ). Furthermore, temporal analysis of SA, JA, and ET responses was performed using qRT-PCR analysis of candidate genes in the respective signaling pathways, using plants at different stages of infection scored as: no symptoms (stage I), mild chlorosis symptoms (stage II), or severe chlorosis and necrosis symptoms (stage III), as well as mock-inoculated plants (Fig. 6) . For all qRT-PCR analysis, three independent biological replicates consisting of three plant samples each were used for total RNA isolation using Trizol reagent (Ambion), following the manufacturer's instructions. Two micrograms of the total RNA was used to make cDNA using SuperScript III first-strand cDNA synthesis kit (Invitrogen), as described previously (Mandadi et al., 2009) , with minor modifications. Gene amplification by PCR was performed using Power SYBR Green Master-mix and the ABI Prism 7500 sequence detection system (Applied Biosystems). Gene-specific primers used for qRT-PCR analysis were designed using QuantPrime (Arvidsson et al., 2008) and are listed in Supplemental Tables S5 and S6 . UBIQUITIN18 (Bradi4g00660) expression was used for normalization (Hong et al., 2008) , and fold changes of gene expression in the infected plants were calculated following the comparative cycle threshold method (Livak and Schmittgen, 2001) and are relative to mockinoculated plants set to 1. A Student's t test was used to determine statistical significances between the control and infected plants, and Pearson correlation coefficient (r) and coefficient of determination (R 2 ) were used to determine statistical correlation between the microarray and the qRT-PCR data (Supplemental Table S1 ).
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